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Abstract

A series of M-AlOx mixed oxides (M = Cu, Co, Ni) with the addition of high loadings of rare earth
elements (REE, R = Ce, Nd, Pr; RosMosgAlo2, molar ratio) were investigated in N.O

decomposition. The precursors were prepared by co-precipitation and subsequent calcination at



600 °C. The obtained mixed metal oxides were characterized by X-ray diffraction with Rietveld
analysis, N2 sorption, and H. temperature-programmed reduction. Depending on the nature of REE
and the initial M-Al system, R cations could be separately segregated in oxide form or coordinated
with the transition metal cations and form mixed structures. The addition of Ce®* consistently led
to nanocrystalline CeO, mixed with the divalent oxides, whereas the addition of Nd** or Pr3*
resulted in the formation of their respective oxide phases as well as perovskites/Ruddlesden-
Popper phases. The presence of REE modified the textural and redox properties of the calcined
materials. The rare earth-induced formation of low-temperature reducible MOy species
systematically improved significantly the catalytic activity of N2O decomposition on the modified
catalysts compared to the original M-Al materials which exhibited an increase in the N2O
conversion by the order of Co > Ni > Cu. The CeosCoogAlo.2 catalyst revealed the highest activity
and remained stable (approximately 90% of N>O conversion) for 50 h during time-on-stream in

1000 ppm N20, 200 ppm NO, 20 000 ppm O, 2500 ppm H2O/N; balance at WHSV =16 L g* h
1
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1. Introduction

Nitrous oxide (N20), an inevitable by-product from adipic and nitric acid production plants, is a
recognized global warming agent and contributes to the degradation of the stratospheric ozone
layer. N2O, with a global warming potential factor 265-298 times higher than that of CO>, persists
in the atmosphere for as long as 150 years [1, 2].1? The catalytic decomposition of N2O (deN20)
is one of the most appropriate solutions to abate nitrous oxide from large emissions of industrial
sources. The process presents the distinct advantage of not requiring the addition of any specific
reagent, as required in the selective catalytic oxidation or N2O reduction [3].2 In this regard, the
development of a highly efficient and stable catalyst derived from cheap elements is required for
industrial application. Over the past decades, the use of a variety of materials as catalysts for deN>O
has been reviewed, classified by either the active phase (noble or transition metals) or the support

(zeolites, metal oxides, hexaaluminate, perovskites, spinels, hydrotalcite-derived mixed metal



oxides, etc.) [2-6].2°*%® Among them, transition metal-based materials, especially Cu, Ni, and Co
mixed oxides derived from hydrotalcite-like (HT) compounds, were reported as highly efficient
catalysts. In an early study, Kannan reported that CuAl, NiAl, and CoAl mixed oxides derived
from respective HT showed activity in deN2O by using 0.1 g of catalyst, 0.0985 vol. % N2O/He, a
total flow rate of 100 cm® min, 450 °C [7].” NiAl-Ox and CoAl-Ox revealed N,O conversion of
84-95% compared to the conversion of 48% for CuAl-Ox. The activity was improved when
increasing the molar ratio M/Al from 1.0 up to 3.0, where the highest activity in deN.O was

achieved.

Among rare earth-doped materials, high activity in deN2O was given for Rh-supported materials
(e.g., Rh/Ce1xPryO2) [8-10] 8°1% or perovskite-based materials (e.g., Pri-xBaxMnQs, LnSrLeOx)
[11-15].1112131415 Several studies focused on the development of mixed oxide catalysts containing
an active phase of transition metals (Cu, Ni, Co) modified by REE, mainly with Ce [16-
27].16:17.18,19.20.21,22,23.24.2526.27 Apeit these catalysts are promising, allowing high conversion of
N2O even in presence of Oz [20, 26],22?% they are still sensitive to H2O [18, 25].182° Their catalytic
activity can also be improved significantly with an introduction of alkali or alkali earth metals as
promoters [28, 29].28%° Besides Ce, some recent works have proposed Nd as a promising promoter
[30, 31].%3%3 In a previous study, Ho et al. reported that the addition of an optimum loading of Nd
improved significantly the activity of modified CuAl-Ox and CoAl-Ox [32].3? Although Nd is
classified into the rare-earth group, its abundance reaches 38 mg kg*, which is the second highest
in the group [33].2 The two left-neighbor of Nd, Ce, and Pr, are also not particularly rare, making
up 60 and 9.1 mg kg* of Earth’s crust [33].%% Although Ce, Pr, and Nd are three sequential elements
in the periodic table, a different configuration of outer electron arrangement results in a differently
stable oxidation state in oxides, e.g., +4 for Ce, a mixture of +4/+3 for Pr, and +3 for Nd. Such
difference of stable oxidation state is expected to create different interactions with the active phase,
e.g., Cu, Ni or Co in form of mixed oxides. Ho et al. showed that Nd®* interacts with Cu?*/AI%* or
Co?*/AI*¥* during co-precipitation results the formation of CuNd.O4 Ruddlesden-Popper phase for
the former but NdCoOz perovskite in the latter case, and in both cases, the catalytic activity in?

deN,O was significantly improved [32].3?

REE (e.g., Y®, Dy®**, Gd®", Sm®*, La®*") can be possibly incorporated into Mg-Al HT during the
coprecipitation with low loading, e.g., 2% mole of total cations [34].3* However, the incorporation



of REE into the brucite layer of the HT structure is challenging due to the large size of their cations.
As a consequence, increasing the fraction of rare earth cations leads to segregation of their
carbonate or hydroxycarbonate phases apart from HT [35].%° Those materials after calcination are
expected to have distinct properties due to the different interaction of rare earth cations with other
elements in the precursor phases. Zhang et al. found that high content of La®* in Ni/y-Al2O3 could
enhance the dispersion of NiO by the formation of NiO micro-crystallites separated by La>Os
[36].%¢ Moreover, they also stated that there are interactions between La,Os and Al,O3 or, at a
lesser extent, NiO and Al>O3, to form LaAlO3 or NiAl204, respectively. Ho et al. showed that, in
the catalysts obtained by addition of Nd** in Cu/Al or Co/Al nitrate precursors, Nd** presented a
complex behavior. It not only interacted with divalent cations and AI**, but also simultaneously
formed the isolated phases of Nd such as oxide or oxycarbonate [32].32 Such interactions created
both active and less active phases for catalytic deN-O depending on the amount of Nd** addition.
To the best of our knowledge, there are few reports regarding the application of mixed metal oxides
containing REE introduced during the co-precipitation step. The present study aims to provide a
broad picture of the effects of different REE (R = Nd, Pr, Ce) on the physicochemical properties
of R/M/AI mixed oxides (M = Cu, Co, Ni). A series of catalysts were prepared by coprecipitation
of mixed nitrate precursors of R%*, M?* and A" (R**/M?*/AI** = 0.5/0.8/0.2 molar ratio) followed
by a calcination step, characterization, and testing for NoO decomposition. A thorough evaluation
of XRD data was performed to understand the main interactions of each REE with M and Al, and
quantify the phase fraction of different polyphasic samples. This information, connected with the
redox properties of the materials, allowed to propose correlations with the catalytic performance

of the catalysts in the N2O decomposition process.

2. Experimental part
2.1. Catalyst preparation

A series of Mo.gAlo2 and RosMosAlo2 (where R = Ce, Nd, Pr; M = Cu, Ni, Co) mixed metal oxides
were prepared by coprecipitation followed by thermal treatment in air. These molar ratios were
selected on the basis of the screening tests reported by Ho et al. [32].%2 In a typical experiment, 1
M aqueous solution of the metal precursors (Nd(NO3)3.6H>O (99.9%, Sigma), Pr(NOz3)3.6H20
(99.9%, Sigma), Ce(NO3)3.6H20 (99.99%, Sigma), Ni(NOs3)2.6H.0 (98.5%, Sigma),
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Co(NOz3)2.6H20 (98%, Sigma), Cu(NOz)2.3H20 (99%, Sigma), and AI(NO3)3.9H.0 (98%,
Sigma)) with given molar composition was added dropwise to a solution of Na,COs (anhydrous
99.5%, Sigma) under vigorous stirring at 60 °C. The amount of carbonate anion used was 1.5-fold
the stoichiometric ratio required for the charge balance of hydrotalcite-like compounds. The pH
was constantly controlled at 10 + 0.1 by using 1.0 M NaOH (98.8%, Chemsolute) solution. The
resulted slurry was aged for 0.5 h at 60 °C before being filtered and washed thoroughly with warm
distilled water until neutral pH. The final product was dried at room temperature for 24 h and
subsequently calcined at 600 °C for 6 h in static air. The catalysts were denoted as MAI or RMAI
corresponding to the composition of the cation solution used for preparation. Mixed oxide catalysts
were stored in a desiccator to avoid the reconstruction of the precursor structure. For comparison
purposes, pure transition metal oxides (CuO, NiO, and Co304) were also prepared with the same
protocol using respective nitrate solution without REE. For catalytic tests, the catalysts were
crushed and the fraction in the range of 0.25-0.50 mm particle size was collected to use.

2.2. Catalysts characterization

X-ray diffraction (XRD) measurements of the calcined powders were performed using a Bruker
D8 Bragg-Brentano Theta-Theta diffractometer with Cu-Ka radiation (A = 1.54056 A, 40 kV, 40
mA) in 26 range of 5-80° with a step size of 0.02° and scan step time of 10.6 s. The EXPGUI
v.1251 interface [37]% for the GSAS program [38]*® was used for Rietveld refinements. The
diffraction peak profile was modeled by a pseudoVoigt function, which included Gaussian and
Lorentzian broadening coefficients, plus an asymmetry contribution. Besides that, a shifted
Chebyshev polynomial was employed to reproduce the background. The Rietveld method was also
used to determine the accurate model phase fractions of different polyphasic samples obtained in

the optimized procedure. The standard deviation is 1%.

N2 adsorption/desorption measurements were performed at -196 °C using a Micromeritics ASAP
2020 instrument. Catalysts (~0.15 g) were outgassed under vacuum (< 30 mTorr) at 250 °C for 6
h before doing the measurement. The specific surface area (Sget) was calculated by linearization
of the Brunauer-Emmett-Teller (BET) relation in the relative pressure range around the monolayer
volume. Mesopore size distribution was evaluated by a DFT kernel and the total pore volume V,

was calculated at p/po = 0.975, corresponding to an ideal cylindrical pore diameter of 50 nm [39].%



The H, temperature-programmed reduction (H2-TPR) of mixed metal oxides was performed using
an AutoChem Il Chemisorption analyzer (Micromeritics). Prior to measurement, catalysts (50 mg)
were activated at 600 °C for 1 h in pure Ar (20 mL min?), and subsequently cooled down to 40
°C. Ho-TPR runs were carried out from 40 to 950 °C, with a ramping rate of 10 K mint and in a
flow (30 mL min) of 3 vol% Ha/Ar.

2.3. Catalytic tests

The experiments were carried out under atmospheric pressure in a fixed-bed flow microreactor
(i.d., 8 mm; ., 320 mm). Prior to the reaction, the catalysts (300 mg, particle size 0.25-0.5 mm)
were outgassed at 600 °C for 0.5 h in a flow of pure N2 (80 mL min). The catalysts were then
cooled down to 50 °C under the same N2 flow before switching to the reactant flow. The total flow
rate of the feed stream was 80 mL min™, controlled by mass flow controllers. The reactant
composition at the reactor inlet was 1000 ppm N20 in N2 as balance. The most active catalyst was
further studied in harsh reaction conditions by adding inhibitors: 200 ppm NO, 20 000 ppm Oz,
2500 ppm H2O (applying temperature-controlled saturator). Outlet stream was analyzed by
infrared spectroscopy using an Agilent Cary 660 equipped with a Pike 2 m heated gas cell. The
temperature was raised in steps of 50 °C starting from 50 up to 600 °C. Each temperature was set
constant for 0.5 h. The stability test was carried out at a constant temperature of 450 °C for 50 h
with the presence of the inhibitors. The conversion of N2O (X(N20)) was estimated according to
X(N20) = ([c(N20)in - ¢(N20)out]l/c(N20)in) x 100, where: c(N20)in and c(N20)out are, respectively,
the concentration of N2O in the inlet gas and the concentration of N2O in the outlet gas.

The apparent activation energy (Ea.) was calculated from the slope of linear regression derived
from Arrhenius equation k = A - e ®RT) 'where k was calculated from a kinetic model for the flow
reactor with the assumption of the first-order reaction kTt = Xn20/(1-Xn20). In which k (s-1) is
reaction rate, A is the pre-exponential factor, Ea (kJ/mol) is the apparent activation energy, R (J
mol K1) is ideal gas law constant, T (K) is temperature, T (s) is space-time and Xnzo (%) is N2O

conversion. Detailed information can be found elsewhere [32].3

3. Results and discussion



3.1. Phase composition of the catalysts

The XRD patterns of the precipitated precursors in the absence of REE presented nanocrystalline
LDH (layered double hydroxides, hydrotalcite-like) patterns. For synthesis in the presence of REE,
only amorphous precipitates were formed. This indicates that the rare earth cations were in close
interaction with divalent and Al cations, preventing the formation of LDH phases by decreasing
the ratio divalent/plurivalent cations below the threshold of formation of LDH.

Figure 1 presents the XRD patterns of mixed metal oxides after calcination at 600 °C. A
quantitative evaluation of the crystalline phases present, as obtained by Rietveld refinement, is
reported in Table 1. This evaluation of the amount of phases is unable to take into account non-
crystalline amorphous materials. Further details on the phases can be found in supplementary

materials Table S1.
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Figure 1. XRD patterns of (A) Cu-, (B) Ni-, (C) Co-containing catalysts.



Table 1. The phase composition and textural properties of catalysts

Sample code Crystalline phases ® Surface area/ Pore volume/  Mesopore

m? g! cm®g? size / nm¢
CuAl CuO (100) 65 0.23 36
CeCuAl CuO (39), CeO; (61) 76 0.43 8
NdCuAl CuO (46), Nd203° (6), NdCuOx (48 ) 35 0.28 21
PrCuAl CuO (41), PrO;(32), CuPr,04(27) 17 0.40 37
NiAl NiO (100) 133 0.11 6
CeNiAl NiO (51), CeO; (49) 85 0.13 15
NdNiAl NiO (53), Nd.O3" (47) 41 0.13 60
PrNiAl NiO (43), PrO; (37), PrsOu: (20) 47 0.14 13
CoAl Co0304(100) 59 0.10 10
CeCoAl C0304(41), CeO; (59) 51 0.14 47
NdCoAl  Co304 (40), Nd203" (28), NdCoOs (32) 33 0.11 8
PrCoAl C0304 (43), PrO;(26), PreO11 (31)° 30 0.12 8

4n parenthesis: mass percent on crystalline phases by Rietveld refinement.

PNd,0s phases: hexagonal P63/mmc in NdCuAl, monoclinic C2/m in NdNiAl, 4% hexagonal
P63/mmc and 24% cubic la-3 in NdCoAll.

“Traces of Na2CO3zH20 observed.

dMode of the distribution.

The XRD patterns of samples prepared in the absence of REE present one crystalline phase: CuO
tenorite, NiO bunsenite or Co304 cobalt spinel, respectively for CuAl, NiAl or CoAl samples. No
phases explicitly containing aluminum are observed, as it is normal for samples calcined at 600
°C, which are expected to contain a large amount of Al-rich amorphous material. Indeed, Al-
containing spinel phases are observed only for calcination temperature higher than 750 or 850°C
for Ni-Al or Ni,Cu-Al HT [40, 41].4%4! However, due to the very limited swelling of the spinel cell
parameter with the replacement of Co3* by AI** in the octahedral site of Co3Os, it is impossible to

infer from the cell size if some Al is incorporated in the cobalt spinel [42].42

All REE-bearing samples presented the oxide phases of the transition elements, accompanied by
different rare-earth or mixed transition element-rare earth oxides. Cerium was always present as
CeO; cerianite and never formed mixed phases. Neodymium mixed phases formed were
Ruddlesden-Popper phases, namely Nd>CuOs as the main phase in NdCuAl and NdCoOs
perovskite in NdCoAl. Praseodymium formed Ruddlesden-Popper phase CuPr.O4 in PrCuAl and

no mixed phases with cobalt. The mixed phases were always accompanied by varying amounts of



rare earth oxides. PrOz was present in all Pr-bearing samples but it was accompanied by significant
amounts of partially reduced PreO11 in PrNiAl and PrCoAl. Nd2Os formed different phases in the
presence of different transition metal cations: a minor amount of hexagonal P63/mmc in NdCuAl,
monoclinic C2/m in NdNiAl, and cubic la-3 in NdCoAl, accompanied by a minor amount of
hexagonal P63/mmc. The stabilisation of cubic Sc.Oz-type phases was reported in the case of
nucleation inside an amorphous aluminate matrix [43],* whereas the presence of divalent cations

promoted the formation of monoclinic Nd.O3 [44].44
3.2. Textural properties of the catalysts

The values of surface area, pore volume and mesopore size of the materials calcined at 600 °C are
reported in Table 1. Despite the presence of significant amounts of amorphous alumina in all
samples, the specific surface area is reasonably correlated to the crystallite sizes evaluated by the
Scherrer method, reported in Table S1. For the materials without REE, the specific surface area,
respectively 65, 133 and 59 m? g™ for CuO, NiO and Co304, exhibited an inverse relationship with
the crystallite size, respectively 11, 4 and 15 nm. In the presence of rare earth cations, the crystallite
size of CuO and NiO was virtually unchanged, whereas the crystallite size of Co304 was nearly

halved, as shown in Figure 2A.
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Figure 2. Evolution of the Scherrer crystallite sites of (A) transition metal oxides in the presence

of different REE and (B) rare earth oxides in the presence of different transition metals.
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The evolution of the specific surface area with the incorporation of REE was in most cases
accountable for by the formation of new phases with a different crystallite size. The only instance
of increase of surface area with the introduction of REE was observed for CeCuAl, due to the
presence of CeO> nanocrystals of 4 nm, much smaller than the CuO crystallite present. The
crystallite size of CeO2 was nearly double in other preparations, for which the presence of the REE
corresponded to a decrease of surface area. A similar specificity of the presence of copper was
observed in the case of PrO», for which the crystallite size increased from 6 nm in PrCuAl to 15-
20 nm in PrNiAl and PrCoAl. PreO11 presented slightly larger crystallite sizes. The Ruddlesden-
Potter and perovskite phases presented crystallite sizes in the 12-15 nm range. Nd>Os phases

present very small crystallites and the evaluation of their size is quite unreliable.

The specific surface area values are also affected by the level of aggregation of particles, on which
the evaluation of the porosity of the materials provides some information. N2 sorption isotherms
and mesopore size distributions are shown in Figure 3, whereas the values of mesopore volume
and the position of the highest peak of the pore size distribution are reported in Table 1. The oxides
formed in the absence of REE present quite different distributions of porosity. CuAl presented a
very broad distribution of large mesopores, with a shallow maximum near 40 nm. It is interesting
to compare this value with the Gurvitch value. The Gurvitch relationship D = 4V/S, where V is
the pore volume and S is the specific surface area per unit mass, allows to calculate the so-called
hydrodynamic diameter, which provides a rough evaluation of the pore size of uniform pore
distribution [45, 46].4>%6 The measured pore volume of the CuAl sample is more than twice the
value calculated by the Gurvitch correlation from specific surface area and pore diameter. This
effect, related to the broadness of the pore size distribution, corresponds to a loose hierarchical
organization of aggregates of nanoparticles, which increases the accessibility of the intergranular
porosity. This kind of organization is shared by the Cu-bearing rare earth materials, which
presented a similarly broad distribution of pore size and a pore volume higher than the Gurvitch
estimate. The pore volume of CuAl increased in the presence of high-specific surface area CeO-
nanoparticles and decreased in the presence of Nd and Pr mixed phases.

11
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Figure 3. N2 adsorption-desorption isotherms and mesopore distributions (from the desorption
branch of the isotherms) of catalysts, respectively, the copper (A, B), nickel (C, D), and cobalt-

containing catalysts (E, F).

The materials of the Ni and Co series presented a different distribution of porosity. Both NiAl and

CoAl featured a bimodal pore size distribution, with a peak of intergranular porosity at 8 nm for
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NiAl and 11 nm for CoAl, followed by a different distribution of a larger secondary porosity. The
addition of REE brought to the virtual disappearance of the secondary porosity, leaving only an
intergranular porosity with a size related to the average size of nanocrystals. For all these materials,
the pore volume was in reasonable agreement with the Gurvitch estimate, as expected from the
narrower pore size distribution. It can be expected that Cu-bearing materials, with a large pore
volume between aggregates of nanoparticles, present better accessibility than the Ni- and Co-

bearing materials, with a narrower distribution of smaller pores.
3.3. H2-TPR of catalysts and benchmark materials

The reducibility of mixed oxide catalysts was studied by H>-TPR in the range 50-900 °C. The
hydrogen consumptions of all catalysts are summarized in Table 2 together with data on their
catalytic activity in N2O decomposition. Before considering the effect of REE, it is interesting to
compare the reduction patterns of the samples CuAl, NiAl and CoAl, prepared by calcination of
HT, with the H>-TPR traces of the corresponding single cation oxides prepared by the same alkali

precipitation method, as shown in Figure 4.

Table 2. Hydrogen consumption in Ho-TPR, light-off temperature and apparent activation energy

of N2O conversion.

Hz Ea/
Sample code consumption / Tso/°C KJ mol-t
mmol g*

CuAl 9.97 445 115
CeCuAl 571 390 71
NdCuAl 4.98 3852 56
PrCuAl 5.74 415 102

NiAl 9.29 425 95
CeNiAl 5.76 425 81
NdNiAl 5.98 325 43
PrNiAl 5.20 345 63

CoAl 12.79 395 45
CeCoAl 6.84 300/420? 10
NdCoAl 6.41 315/435* 19
PrCoAl 7.06 330 13

4n harsh conditions (1000 ppm N20 + 200 ppm NO + 20,000 ppm Oz + 2500 ppm H20/N>)
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CuAl, NiAl and CoAl showed some increase in the temperature of reduction by comparison with
the corresponding pure transition metal oxides (Figure 4). The hydrogen consumption of both
CuAl and CuO started around 130 °C but the reduction of copper oxide to metallic copper was
completed at 350 °C on CuO and 400 °C on CuAl, despite the lower amount of CuO present in the
latter sample (Figure 4A) [47].4" This effect is similar to the delayed reduction of CuO when
deposited in a limited amount on y-Al2O3 support, the lower reducibility being attributed to strong
oxide-support interaction [48].%% The absence of a defined copper aluminate phase is confirmed by
the absence of the reduction peak of CuAl,O4 around 500 °C [49].%°

The hydrogen consumption of NiAl started at 370 °C and the reduction to metallic Ni was
completed at 850 °C, whereas the reduction of pure NiO started at 270 °C and was completed at
550 °C (Figure 4B). The much lower reducibility of NiO formed by thermal decomposition of
LDHs has been attributed to the formation of a Ni-Al oxide solid solution at the surface of the NiO
crystals exsoluted in the early steps of calcination [50, 39].5%4! The presence of such a surface
solid solution accounts for the lower reducibility and the negative skewness of the reduction peak,
its final temperature being compatible with the expected reduction temperature of bulk nickel
aluminate phases in the range 825-875 °C [51].%*

The hydrogen consumption on Co30; starts at 220 °C, presents two peaks, a at 345 and 3 at 486
°C, and is completed at 590 °C (Figure 4C). The ratio of H> consumed between the 3 and o peak
is 2.8, in good agreement with the ratio 3 expected for the attribution of a peak to the reduction of
spinel to CoO and of the B peak to the reduction of the divalent oxide to metal. Also, the sample
CoAl presents two peaks, B peak having an H, consumption exactly three times the one of a peak.
However, both peaks are skewed to a much higher temperature than in pure CosO4. Albeit the ratio
3 between the H. consumptions of B and o peaks disproves high incorporation of Al in the spinel,
it is clear that the interaction with Al-bearing materials dramatically decreases the reducibility of
cobalt spinel. The reduction of Coz04 begins at 230°C, is completed at 450°C and is immediately
followed by a negatively skewed B peak of reduction of CoO, the reduction being virtually
completed at 900 °C. This shift to high temperature is observed also in the reduction of cobalt

oxide catalysts supported on y-Al,Os by several preparation methods [52].52 However, complete
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reduction of CoAl is obtained at a somewhat higher temperature than in other instances [45,

53]'47,53

The effect of the addition of REE on the reducibility of the materials can be observed on both the

shape of H>-TPR traces and the Hz consumption (Table 2, Figure 5 and Figure S1).
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Figure 5. H2-TPR traces of different RMAI mixed metal oxides with R = Ce, Nd, Prand M = Cu

(A), Ni (B), Co(C).
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For the CuAl series, Ce-addition introduced early reduction phenomena starting at 95 °C, whereas
Nd and Pr did not significantly alter the initial reduction temperature (Figure 5A). The low-
temperature H> consumption of CeCuAl likely corresponds to the reduction of well-dispersed CuO
species in interaction with CeO; [54].>* It has been observed that a strong interaction between CuO
and CeO can result in a weakened Cu-O bond, easily reducible at a lower temperature [19, 21].1%2
For all rare earth-bearing samples NdCuAl, PrCuAl and CeCuAl, the reduction of CuO was
completed at a lower temperature than for CuAl, due to the lower amount of copper in samples

containing around 55% mass of rare earth oxides.

For the NiAl series, the addition of REE did not modify the onset temperature of the main H>
consumption peak at 370 °C but introduced small reduction phenomena at a lower temperature
(Figure 5B). This indicates the presence of species in which the Ni-O bond was weakened by a
“separation effect” due to the presence of high contents of rare earth oxides in interaction with
nanocrystallites of NiO, analogous to the effect of high content of La;Os in the Ni/Al,O3 catalyst
[36].%¢ Indeed, the small peaks at lower temperatures (160, 270, and 290 °C for NdNiAl, CeNiAl,
and PrNiAl, respectively) were reasonably close to those reported for low loading of Ni interacting
with LnOx (Ln = Ce, Pr) [20, 55].2%°° These low-temperature reduction phenomena were by no
means negligible, as they represented 8, 10 and 21% of the total H, consumption for, respectively,
CeNiAl, NdNiAl and PrNiAl. Literature data suggest that a minor contribution of the reduction of
PrOx could also not be discarded [53].>° As in the case of the Cu-bearing samples, the final
temperature of reduction of the rare-earth bearing samples was lower than that for NiAl, largely

due to the lower amount of NiO in the samples.

In the case of the Co-bearing sample, the onset temperature of the reduction of the cobalt spinel
was not affected by the presence of REE in CeCoAl and NdCoAl, which presented minor low-
temperature reduction phenomena at about 120 °C (Figure 5C). In the case of PrCoAl, instead, the
H> consumption began at 90 °C and evolved with no solution of continuity towards a two-pronged
a peak, with maxima, oz at 270 and a2 at 390 °C. Also, the 3 peak was split, with two maxima, Bz
at 660 and B2 at 770 °C. This clearly indicated the presence of two types of spinel particles,
differing by their reactivity. The ratio of H> consumption between f and o peak is 1.5, much lower

than the ratio 3 expected for a two-step reduction of CosO4 to metal through a CoO intermediate.
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A component of direct reduction of Co304 to metal in the a peak has been reported in some
literature instances [50].%2 In the case of PrCoAl, it is clear from Figure 5C that the o peak is
superposed to the onset of the extremely skewed B peak, supporting the assumption that reduction

of a significant fraction of spinel to Co metal has taken place at very low temperature.
3.4. Catalytic activity in deN20

Figure 6 shows the comparison of the catalytic activity and the apparent activation energy of the
pristine MAI and REE-modified catalysts, whereas Table 2 presents the value of temperature at
which 50% of N2O is converted. A blank test without catalyst showed a conversion of N2O below
1% in the temperature range of 50-600 °C under 1000 ppm N20/Na, suggesting that the
contribution of non-catalytic activity was negligible during the catalytic tests. The comparison of
the light-off temperature (50% N2O converted, Tso) of the pristine materials revealed an increase
of activity in the increasing order CuAl (Tso = 445 °C) < NiAl (Tso = 425 °C) < CoAl (Tso = 385
°C) (Figure 6 A, B, C). Full N2O conversion was reached at 500 °C for both CoAl and NiAl, but
only at 550 °C for CuAl catalyst. A similar trend was reported by Kannan for similar materials
with a M/Al ratio 3 [7].”

All REE-containing materials exhibited considerably higher activity than the pristine catalysts. An
exception was CeNiAl sample, which showed almost the same activity as pristine NiAl. However,
the enhancement in the catalytic activity of the modified catalysts does not follow the same trend
for CuAl, CoAl and NiAl series, suggesting that the activity of materials depends both on the
pristine system and the nature of the introduced REE. For CuAl series, the order of activity in term
of Tso increased as follows: CuAl (Tso = 445 °C) < PrCuAl (Tso = 415°C) < CeCuAl (Tso = 390
°C) ~ NdCuAl (Tso = 385 °C). In the NiAl series, the order was NiAl (Tso = 425°C) = CeNiAl (Tso
= 425°C) << PrNiAl (Tso = 345°C) < NdNiAl (Tso = 325 °C) and, for the CoAl series, it was CoAl
(Tso =395 °C) << PrCoAl (Tso = 330 °C) < NdCoAl (Tso = 315°C) < CeCoAl (Tso = 300°C). The
order in the apparent activation energies followed the same trend as the light-off temperature
(Table 2).
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with conversion lower than 30%.
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In the case of the NiAl-derived catalysts, the introduction of REE in NdNiAl and PrNiAl decreased
the Tso of 100 and 80 °C, respectively, while no change of catalytic activity was observed with the
introduction of Ce in CeNiAl. This trend is clearly related to the temperature of onset of reduction
of the samples in H>-TPR. NdNiAl and PrNiAl present significant reduction phenomena at 120-
150 °C, not observed on CeNiAl. Interestingly, no mixed crystalline phases were observed in any
of these samples, suggesting that the enhancement of reduction and catalytic properties is not

related to the presence of a specific crystalline phase.

The CuAl-related catalysts were the less active of our samples, both in the presence or the absence
of REE. The introduction of REE induced a decrease of Tso lower than in all Cu-free catalysts,

with the already observed exception of CeNiAl.

The CoAl-related catalysts were the most active of our samples, with and without the addition of
REE. The order of enhancement of activity (CeCoAl > NdCoAl > PrCoAl >> CoAl) corresponds
to the improvement of the reducibility of the samples with the insertion of REE (see Table 2 and
Figure 5). All REE introduced low-temperature reduction phenomena, which were extremely
relevant in the case of the initial reduction peak at 120 °C observed for CeCoAl and NdCoAl.

The effectiveness of oxide catalysts for N2O decomposition has been attributed to the simultaneous
presence of oxygen vacancies, favoring N2O adsorption, and redox sites, able to split the N-O
bond.>® In the presence of cations with variable oxidation states, the two effects can be related, the
reduction of the surface cations easily inducing oxygen vacancies. In our results, no clear
correlation could be found between the presence of mixed crystalline phases and the initial steps
of reduction of the materials. Quite likely, in the case of the insertion of REE in transition metal
oxides on alumina, the most relevant effect for catalysis was the formation of a limited amount of
easily reducible MOy sites, related to surface compositional defects. In the case of HT-derived
oxides, the presence of LnOy seems to have affected the reducibility by a mechanism related to the
competition of the large REE cations with the HT phase in the precipitation of the precursors. The
formation of oxides by calcination of compositionally disordered materials, with a less defined
interaction of MOy with Al, has likely favored the formation of coordinative defects, more liable
to induce oxygen vacancies and the mixed-valence states conducive to easier catalyst regeneration

[5, 57].°7 It is also worth remembering that the introduction of REE in NiAl and CoAl materials
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led to a significant decrease in the size of NiO and CosO4 nanocrystals (see Table S1), with a likely
increase of the extent of the interface between MOy and other components. Such an effect was not
observed in the case of the CuO crystals in CuAl materials, for which the introduction of REE led

to a much lower enhancement of reduction and catalytic properties.

The CeCoAl catalyst was very promising, with Tse at 300 °C and full conversion at 400 °C. It was
accordingly further tested under harsher conditions of 1000 ppm N2O, 200 ppm NO, 20 000 ppm
02, and 2500 ppm H20/Na. Tso was shifted to around 420 °C (approximately 120 °C higher than
that for tests carried out in 1000 ppm N2O/N> (Figure 7A). Stability tests were performed in these
conditions at 450 °C for 50 h as well as in ideal condition (1000 ppm N2O/N2) for 30 h (Figure
7B). In the ideal condition, at 350 °C the catalyst showed around 76% conversion of N.O. The
conversion slightly increased to 81% after 20 hrs of time-on-stream (TOS) and stayed stable for
the last 10 h of the test. A similar trend was observed in a harsher condition test at 450 °C. In the
beginning, the catalyst exhibited 86.5% N>O conversion. After 22 h TOS, the conversion increased
gradually to 89.5% and stayed constant for the rest of 28 h during the total of 50 h of TOS (Figure
7b). This level of conversion in the stability test is considerably higher than the 60% value reported

for the NdCoA\l catalyst under the same harsh conditions.*?

In summary, the reactivity of the catalysts modified by REE increased despite the addition of
nearly 55% w/w REE brought to a significant decrease in the amount of Cu, Ni, and Co in the
samples. The improvement of the catalytic activity with the introduction of REE was related to
enhanced low-temperature reducibility of the catalyst and could be tuned by the choice of the REE-

MAI couple.
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A brief comparison in the catalytic activity of the CeCoAl catalyst with Co-based catalysts from

recent literature is presented in Table 3. For instance, either CoCeOx (5% mol. Ce) or CosMn;Al;
promoted by alkaline metals showed slightly lower activity than the CeCoAl catalyst of this work
[58, 59].°8°° The catalytic activity of CeCoAl was similar to Mn-(Fe) promoted CoszAli-Ox
hydrotalcite-derived materials [60].6° CeCoAl outperformed Cuo 25C02.7504 (Tso ~ 340 and 500 °C

in similar conditions on dry and wet feedstock) and was comparable with the one promoted by K,

K/ Cuo.25C027504 (Ts0 ~ 420 °C in similar conditions on wet feedstock) [61].* Remarkably, the

reactivity of the CeCoAl catalyst was quite close to the noble metal-bearing (0.7 wt.%)Ag-CosAl-

O catalyst [62].52 This suggests that the CeCoAl material is a promising noble metal-free catalyst

for the decomposition of N2O.

Table 3. Comparison of the catalytic activity with Cu-, Ni- and Co-based catalysts in the recent

literature.
Sample code Preparation method Reaction conditions N2O conversion  Ref.
(Calcination %
temperature °C) (temperature
OC)
Co-Ce0, 500 ppm N2O/Na, or *wet 50 (340)
K/Co-CeO, Coprecipitation conditions 500 ppm N0, 30 50 (320%) 54
0 (400) 000 ppm O, 30 000 ppm
(5 mol.% Ce) H2O/N2, GHSV 45,000 h*
Co-Mn-Al (4/1/1 Co_precipitation 1000 ppm N2O/He, 0.1 g 50 (“‘410)
mol% ratio) (500) catalyst, SV =601 g h?
1.4% Na/Co-Mn-Al Co_precipitation + 50 ("‘380) 55
1.8% K/Co-Mn-Al  impregnation (500) 50 (~335)
Mng.1725C03Al; O 1000 ppm N20O/Nz, or * harsh 50 (305)
S conditions 1000 ppm N0, 45 50 (376*
é%%r)ec'p'tat'on 000 ppm Oz, 300 ppm NO /N, (376%) 56
Feo.172sC03Al O 0.35 g catalyst, 200 mL min ! 50 (327)
(mol.% ratio) (WHSV =171g'h?) 50 (380%*)
Cug.25C02.7504 1000 ppm N2O/Ny, or * wet 50 (~340)
Thermal - conditions 1000 ppm N20, 20 50* (~500)
decomposition 000 ppm Oz, 200 ppm NO, 57
K/CUo2sC027504  (g00) 5000 ppm H,O/N, W/F =0.2¢g 90 (~260)
smLt (WHSV=181gth™) 50* (~420)
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(1.0wt%)AgCosAl- 1000 ppm N2O/Na, or * harsh 50 (265)

O« c o conditions 1000 ppm N0, 45 89 (400%)
oprecipitation 000 ppm O3, 300 ppm NO /N,
600 . 50 (305) 58

. | (600) 0.35 g catalyst, 100 mL min -

(0.7wt%)AgCosAl- (WHSV = 17 [ g1 h?) 50 (390*)

O«

NdosCup.sAlo2 1000 ppm N2O/Ng, or * wet 50 (385)

NdosC0o sAlo. L conditions 1000 ppm N.O, 20 50 (315, 435*

057708 _02 Coprecipitation 000 ppm O3, 200 ppm NO, ( i ) 32
(Nd/Cu/Al = (600) 2500 ppm H.0/Na, 0.30 g 60 (450%, 50 h)
05/08/02, mol. catalyst, 80 mL min-l
ratio)

CeosC0osAlo2 1000 ppm N.O/Ng, or * wet 50 (300, 420*)
(Ce/Co/Al = conditions 1000 ppm N20O, 20 86.5-89.5
0.5/0.8/0.2. mol. Coprecipitation 000 ppm Oz, 200 ppm NO, (450*, 50 h) This
ratio) ’ (600) 2500 ppm H>0/N,, 0.30 g ’ work
catalyst, 80 mL min %, SV =16
lgtht
Conclusions

Mixed metal oxides RosMogAlo2 (R = Ce, Nd, Pr; M = Cu, Ni, Co) were prepared via
coprecipitation followed by thermal treatment at 600 °C. In the absence of rare earth cations, the
decomposition of precipitated HT phases led to the formation of MOy phases with reducibility
decreased by the presence of amorphous alumina. The introduction of Ce led to the formation of
discrete CeO, while Nd and Pr brought about the formation of both of their discrete oxides and
mixed phases in strong interaction with transition metal cations. The formation of Ruddlesden-
Popper phases was favored in the presence of Cu and perovskite was formed in the Nd-Co system.
The high loading of REE-bearing phases caused a decrease in specific surface area, except in the
case of Ceo5CuosAlo2, in which the specific surface area was slightly increased by the presence of
nanocrystalline CeO,. Those phases co-existed with the oxide structures that originated from virgin
M-AIOy. Independently of the formation of new phases, the presence of REE modified the redox
properties of the catalysts, either by weakening the M-O bond in M-AlOy phases or by isolating a
fraction of MOy from the interaction with Al by competition with the HT phase in the precipitation.
The formation of low-temperature reducible MOy species brought to their enhanced activity in
deN:O. i.e., a decrease of the light-off temperature and the apparent activation energy. The most

active catalyst investigated in this study, CeosC0osAlo.2, sShowed very stable conversion of N.O
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without degradation for 50 h TOS under a gas feed containing inhibitors (1000 ppm N20, 200 ppm
NO, 20,000 ppm Oz, and 2500 ppm H20/Ny>).
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